SUMMARY
The four RNA species of a French strain of beet necrotic yellow vein virus (BNYVV) have lengths of 7100, 4800, 1800 and 1500 nucleotides, as measured by agarose gel electrophoresis in denaturing conditions. Translation of purified RNA in a reticulocyte cell-free system revealed that RNA-2 encodes the 22000 mol. wt. coat protein. Cloned cDNA copies of each of the four viral RNA species have been used to show that BNYVV RNA-3 and RNA-4 share no sequence homology with RNA-1 and RNA-2. Thus, RNA-3 and RNA-4 cannot be subgenomic messengers derived from the larger RNA species. Beet necrotic yellow vein virus (BNYVV) is a soil-borne virus that causes a severe disease of sugar beet (Beta vulgaris) known as rhizomania (Tamada & Baba, 1973) . The vector of the virus is the plasmodiophoromycete fungus Polymyxa betae (Tamada, 1975; Fujisawa & Sugimoto, 1976) , which is responsible for persistence of the virus in infected soil. BNYVV has rigid rodshaped virions which fall into four distinct length classes: 390 nm, 265 rim, 100 nm and 85 nm for a French isolate (Putz, 1977) . The virions contain four species of single-stranded RNA with reported molecular weights of 2.3 x 10 6, 1.8 × 10 6, 0"7 × 106 and 0.6 x 106 which are roughly in proportion to the lengths of the four classes of virion (Putz, 1977) . In this paper we have studied the translation of BNYVV RNA in a cell-free system and investigated the sequence relationship among the four RNA species by using cloned cDNA probes.
The isolate of BNYVV used in this study (F2) was obtained from an infected sugar beet near Muret, France. Virus was propagated in Chenopodium quinoa and purified as described by Putz & Kuszala (1978) . The suspension of purified virus was adjusted to 10 mM-Tris-HC1 pH 8, 100 mM-NaC1 by addition of concentrated stock solutions and subjected to two extractions with phenol. The aqueous phase was extracted twice with ether and RNA was precipitated by the addition of 2 vol. ethanol. After centrifugation, the RNA pellet was washed with 70~ ethanol, dried and dissolved in sterile water. Some preparations of BNYVV were found to be contaminated with traces of tobacco mosaic virus. To eliminate such contamination the purified RNA was generally subjected to oligo(dT)-cellulose chromatography (Aviv & Leder, 1972) . BNYVV RNA is polyadenylated (Putz et al., 1983) and binds to the column; tobacco mosaic virus RNA does not. Fig. 1 shows BNYVV(F2) RNA after electrophoresis in 0-8~ agarose containing methylmercury(II) hydroxide as denaturing agent (Bailey & Davidson, 1976) . Molecular weight markers (outer lanes) are tomato black ring virus RNA-1 and -2 (7800 and 4800 nucleotides; Murant et al., 1981) , tobacco mosaic virus RNA (6935 nucleotides; Goelet et al., 1982) , brome mosaic virus RNAs 1 to 4 (3234, 2865, 2114 and 876 nucleotides; Ahlquist et al., 1984) and tomato black ring virus satellite RNA (strain S) (1425 nucleotides; Meyer et al., 1984) . From two determinations we estimate the lengths of RNA-1 to RNA-4 to be 7100, 4800, 1800 and 1500 nucleotides respectively. We consider these values more reliable than the earlier molecular Western blot analysis of BNYVV translation products. Non-radioactive translation products were synthesized in the rabbit reticulocyte cell-free system, separated by PAGE and transferred electrophoretically to strips of nitrocellulose. The strips were incubated either with anti-BNYVV serum (lane 1) or non-immune serum (lane 2) and then reacted with ~2SI-labelled Protein A to label antigenantibody complexes. Autoradiography was at -70 °C with an intensifying screen. Arrow marks the position of BNYVV coat protein as determined by migration in a parallel lane.
weight measurements made in non-denaturing polyacrylamide gels (Putz, 1977) . It is interesting to note that the lengths of the two smaller species of BNYVV R N A vary from one isolate to another. For example, Fig. 1 also shows R N A from BNYVV(G1), an isolate collected near Gross Gerau, F.R.G. The RNA-3 and -4 species of this isolate are 1400 and 1150 residues in length, respectively. BNYVV(F2) R N A was translated in a messenger-dependent cell-free translation system derived from rabbit reticulocytes (New England Nuclear) and the resulting [35S]methioninelabelled polypeptides were analysed by P A G E as described by Fritsch et al. (1980) . Three prominent bands are visible on the autoradiogram of the gel (Fig. 2a , lane 1) with molecular weights of 22000 (22K), 27000 (27K) and 31000 (31K). In addition to these prominent translation products, numerous faint bands are also visible, mostly corresponding to mol. wt. of 40000 to 100000. The 22K product was the major product in all translation experiments but the amounts of the 27K and 31K polypeptides synthesized varied considerably from one preparation of R N A to another. The 22K polypeptide has a mobility similar to that previously reported for BNYVV coat protein (Putz, 1977) . That this polypeptide is indeed coat protein was shown by Western blot analysis (Towbin et al., 1979) . Unlabelled translation products of BNYVV RNA were fractionated in two lanes of a 10~ polyacrylamide gel and transferred electrophoretically to nitrocellulose paper (BA85, Schleicher & Schiill) as described by Xiong et al. (1982) . A strip of the nitrocellulose corresponding to each gel lane was then reacted either with anti-BNYVV serum or non-immune serum and specific antigen-antibody complexes bound to the nitrocellulose were detected by reaction with 12SI-labelled Protein A (Xiong et al., 1982) . Autoradiography of the nitrocellulose strips revealed a prominent band with the mobility of BNYVV coat protein in the strip reacted with anti-BNYVV serum (Fig. 2b , lane 1) which is absent from the corresponding strip reacted with non-immune serum (Fig. 2b, lane 2) . In order to determine which RNA species encodes the viral coat protein, BNYVV RNA (20 ~tg) was separated into its four components by electrophoresis in a horizontal 0.8 ~ gel of low melting point agarose (Bethesda Research Laboratories) containing 5 mu-methylmercury hydroxide. After electrophoresis the denaturing agent was eliminated by washing the gel twice for 20 rain with 250 ml 100 mu-2-mercaptoethanol containing 2 ~tg/ml ethidium bromide; the RNA bands, visualized with a long wavelength u.v. lamp, were excised from the gel (Wieslander, 1979) . The agarose was dissolved by heating to 65 °C and 3 vol. warm 100 mMTris-HC1 pH 8, 100 mu-NaC1, 1 mM-EDTA was added. The molten agarose was then subjected to three phenol extractions at room temperature followed by extractions with phenolchloroform and ether (Wieslander, 1979) . The RNA was concentrated by ethanol precipitation with 10 ~tg carrier Escherichia coli tRNA and dissolved in 50 ~tl sterile water. The purity and integrity of gel-purified RNA was evaluated by Northern blotting. A small portion of each purified RNA was subjected to electrophoresis through a glyoxal-containing agarose gel (McMaster & Carmichael, 1977) followed by transfer to diazobenzyloxymethyl (DBM) paper (Alwine et al., 1977) . The RNA bound to the DBM paper was detected by hybridization to a 32p_ labelled probe of random cDNA prepared by reverse transcription of BNYVV(F2) RNA using as primers oligodeoxynucleotides derived by DNase I degradation of calf thymus D N A (Taylor et al., 1976) . The Northern blotting procedure was preferred to direct visualization of an ethidium bromide-stained gel because of its greater sensitivity. Autoradiography of the hybridized DBM paper (Fig. 3) revealed that the BNYVV RNA eluted from the low melting point agarose gel was intact and largely free of contamination. When translated in the reticulocyte cell-free system RNA-2, -3 and -4 directed the synthesis of the 22K viral coat protein, the 27K and the 31K polypeptides respectively (Fig. 2a, lanes 3 to  5) .The gel-purified RNA-1 gave no detectable translation products (Fig. 2a, lane 2) . It is not yet known if the low translational activity of RNA-1 is due to there being insufficient RNA in the translation mix, to the presence of inhibitory contaminants, or is a fundamental feature of this molecule.
In order to determine the sequence relationships among the four BNYVV RNA species, recombinant plasmids containing BNYVV cDNA were prepared from unfractionated BNYVV(F2) RNA by the method of Heidecker & Messing (1983) . The primer of cDNA synthesis was PstI-linearized pUC-9 possessing oligo(dT) tails at its 3' extremities (P-L Biochemicals). Details of the cloning procedure and structural analysis of the recombinant plasmids will be presented elsewhere. Of the cDNA clones examined, 12 which were found by restriction enzyme digestion to contain cDNA inserts of 1000 base pairs or more were selected for further analysis. In order to discover which cDNA clones correspond to which BNYVV RNA species, a radioactive probe was prepared from each recombinant plasmid by nick translation and the probe DNA was hybridized to BNYVV RNA immobilized on DBM paper after glyoxal-agarose gel electrophoresis as described above. The results of such analysis are shown in Fig. 4 . Five cloned probes (pBF3, 8, 9, ll and 12) were found to hybridize with BNYVV RNA-3 and must consequently harbour cDNA derived from this RNA. The cDNA inserts of pBF9 and pBF11 are about 1-8 kbp, indicating that they are essentially complete cDNA copies of RNA-3 (data not shown), pBF5, the longest of the five clones hybridizing to RNA-1 (pBF5, 6, 7, 10 and 13) , has an insert length of about 3.5 kbp and pBF14, which hybridizes to RNA-2, has an insert length of 2.3 kbp. The only clone hybridizing with RNA-4, pBF4, has an insert length of about 1 kbp.
It is evident from Fig. 4 that the cDNA clones that hybridize with BNYVV RNA-3 and -4 (pBF3, 4, 8, 9, 11 and 12) show no detectable homology with RNA-1 or RNA-2. Consequently, RNA-3 and -4 cannot be derived from the larger species. Some cross-hybridization can be detected, however, between the RNA-3-specific cDNA clones and BNYVV RNA-4, as well as between the RNA-4-specific clone, pBF4, and RNA-3, suggesting that RNA-3 and -4 share elements of sequence homology.
The translation studies in vitro described above which reveal that BNYVV RNA-2 is the functional messenger for viral coat protein raise questions concerning the nature of BNYVV RNAs 3 and 4. Although both species can act as messengers, their lack of sequence homology with RNA-1 and -2 rules out the possibility that the smaller RNAs are subgenomic mRNA expressing closed cistrons present on the longer RNA species. Biological assays using purified RNA will be necessary to determine if all four RNAs are indispensable for infection or whether one or both of the smaller species are satellite RNA.
Shirako & Brakke (1984) have recently suggested that BNYVV and two other soil-borne viruses, soil-borne wheat mosaic virus (SBWMV) and potato mop-top virus (PMTV) be assigned to a new group, the furoviruses (fungus-borne rod-shaped virus). Both SBWMV and P MTV have bipartite genomes (Shirako & Brakke, 1984; Randles et al., 1976) and our findings raise the possibility that this may also be the case for BNYVV. In any event, the existence of the coat protein cistron on RNA-2 and its active expression by this RNA clearly distinguishes BNYVV from the tobamoviruses, the group with which, until now, it has been tentatively associated (Gibbs, 1977) .
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